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LOCATION OF BROKEN INSULATORS AND OTHER 
TRANSMISSION LINE TROUBLES. 

BY L. C. NICHOLSON. 

Injury to a single insulator, under certain conditions of opera
tion, renders an entire transmission line, many miles in length, 
entirely inoperative until the faulty insulator be discovered and 
replaced. The longer the line the more difficult it becomes to 
find a broken insulator, or to locate other irregularities in operat
ing conditions, and a correspondingly long time is consumed in 
restoring the line to service. 

When long lines are sectionalized by disconnecting-switches 
spaced at regular intervals, it is possible, by successive applica
tions of voltage to section after section, to determine the par
ticular section which contains the fault, and then to locate 
the exact point of failure by patroling a considerable length of 
line. This process is tedious on account of the necessity of 
manipulating the line-switches upon telephonic advice from 
the generating station, and by reason of the time required to 
patrol the particular section containing the fault. For these 
reasons it is desirable to employ some method of locating faults 
by means of electrical measurements which shall be capable of a 
reasonable degree of accuracy, and of being performed in a short 
time. 

There are several well-known methods of locating faults 
electrically; among these are the Varley and Murray loop tests. 
These and other ordinary methods operate with low-voltage 
direct current acting upon a Wheatstone bridge arrangement of 
resistances and galvonometer, and are readily applied to metallic 
circuits suffering from a total grounding or short-circuit. If, 
however, the fault be a partial one, such for instance as occurs on 
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a high-voltage transmission system when an insulator becomes 
defective by puncture, or otherwise, it is impracticable to apply 
any of these methods, since a high voltage must act to develop 
any current-flow under these conditions. It is manifestly im
practicable to manipulate adjustable resistances quickly and 
accurately in a high-voltage circuit, or to use direct-current in
struments such as a galvonometer, because alternating current 
is demanded by the relatively high voltage which it is necessary 
to employ. It will be appreciated 'that for a fault-locating 
method to be trustworthy, it must be adapted to the normal 
operating potential of the transmission line, inasmuch as 
partial faults sometimes develop which will withstand normal 
voltage for a short time. It is therefore essential and also 
desirable to employ the generating, transforming, and switch
board apparatus of the generating station for making fault-
location tests upon the transmission lines. A simple scheme of 
connections involving the manipulation of a few hook-switches 
has been employed for this purpose upon a long-distance high-
voltage circuit, and it has been found possible to locate quickly 
and accurately any fault seriously interfering with operation. 

The particular plant upon which such a test has been operated 
transmits power at 60,000 volts, 25 cycles, three phase, over 
lines approximately 160 miles long. The line conductors are of 
aluminum, spaced seven feet apart, and are carried partly on 
steel towers and partly on wooden structures. In both cases 
the insulators are supported on electrically grounded steel pins, 
a ground-wire being used for this purpose on the wooden struc
tures. The step-up sending transformers operate delta-star 
with neutral grounded. Under these conditions of operation 
and line construction, it is evident that an insulator becoming 
disabled flashes and holds an arc between the line conductor and 
the insulator pin, which constitutes a short-circuit on one of the 
transformers and prohibits further service until the injured 
insulator be replaced. Causes other than broken insulators 
may interfere with operation; for example, branches of trees 
fouling wires during wind storms, or even malicious interference. 
However, trouble necessarily appears from one wire to earth, 
or from wire to wire. 

The method of locating faults referred to above, consists in 
supplying current from a generator and transformer to the fault 
to earth through a divided circuit or a loop, formed by joining two 
ine conductors together at both ends, one of the wires so con-
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nected containing the broken insulator to be located. The 
total current supplied, divides quantitatively between the 
branches of the loop in a proportion depending upon the ratio 
of the two impedances to the fault which ratio is determined 
by, and therefore is determinative of, the location of the fault. 
Indicating ammeters or integrating wattmeters connected 
in the two branches of the loop by means of proper transformers 
show the current or power supplied through the respective 
conductors. Amperes or watts so measured, together with the 
known electrical constants of the line under test, serve to de
termine the geographical location of the fault. Evidently, 
only the relative currents flowing in the two paths at the same 
instant, or the relative integrated power delivered during any 
length of time, need be ascertained. 

Fig. 1 shows the scheme of connections which has been em-
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Fig. 1 
SCHEME OF CONNECTIONS. 

ployed. The loop consists of wires A and B which have a 
metallic short circuit placed on them at the generating station 
just inside the current transformers, and a similar one at the 
receiving station just outside the disconnecting switches. It is, 
of course, necessary for the generating station operator to order 
a short circuit placed on the proper wires at the distant end of 
the line when a test is to be made. E is the high-tension wind
ing of a power transformer. Its connection to earth is 
through the neutral which operates grounded. The particu
lar transformer used will depend upon which wire is in distress. 
R is a limiting resistance connected in series with the loop, and 
is designed to limit the total flow of current to the capacity of 
the transformer and the measuring instruments. At V is repre
sented a fault to earth, which usually takes the form of a broken 
insulator, over the surface of which current flows through an 
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arc. Av A2i A3 represent indicating ammeters in the second
aries of current transformers. 

The limiting resistance R may be connected in either the high-
or low-tension side of the transformers. The amount of 
resistance used, depends largely upon the character of the 
fault to be located. It must be large enough properly to 
limit the current flow, and must not be so high that it 
will interfere with a continuous flow of current through an arc 
after the fault has developed. Moreover, when testing for a 
fault which will resist nearly normal voltage, on a long trans
mission line taking a large charging current, there occurs a loss 
of potential across this resistance on account of the charging 
current flowing through it, so that the potential operating upon 
the fault may be less than normal potential of the system and 
too low to flash over the injured insulator. To obviate the 
necessity, under such conditions of raising the voltage of the 
system above'normal, an expulsion fuse, F, shunting this limiting 
resistance has been employed. The capacity of this fuse must 
be at least equal to the normal charging current of the line. 
Its use ensures full voltage at the fault and allows the current 
flow to be properly controlled by the resistance R after the fault 
has developed and the fuse has burned. Any automatic over
load circuit-breaker could be substituted for the fuse. 

Since the resistance drop is in quadrature with the condensance 
voltage, a fuse or its equivalent is necessary only when testing 
long lines, and then very rarely. 

A cheap and entirely satisfactory form of resistance, well 
adapted to use in the high-tension circuit, consists of ordinary 
cement concrete columns supplied with expanded-metal termi
nals. Four columns, 12 ft. long, a square foot in section, each 
having a resistance cold of about 2 0 0 0 ohms, have been used in 
multiple or singly as occasion demanded. The temperature-
resistance coefficient of concrete being large and negative, it is 
an easy matter to arrive at a proper resistance by heating the 
columns with current. Such flexibility in this resistance has at 
times proved very convenient. 

Experience so far obtained, indicates that in a large majority 
of insulator failures, a 1,000-ohm concrete resistance in the 
high-tension side does not prevent flashing of a broken insulator, 
nor does it interfere with satisfactory current readings. Oc
casions do arise when the fuse is necessary, and when a com
paratively low resistance must be used to maintain an arc at the 



1907] NICHOLSON: LOCATING LINE TROUBLES 727 

fault long enough to obtain current readings on indicating 
ammeters. It appears that after an arc has once been es
tablished it will hold indefinitely, provided the current flow be 
not too restricted. The more incomplete the fault and the 
longer the striking distance, the larger the current required. 
From 50 to 100 amperes has proved an appropriate range of 
current for general testing purposes. Variations that occur 
when using this amount of current are usually gradual—being due 
to decreasing resistance of the concrete—so that there is rarely 
any difficulty experienced in obtaining satisfactory simultaneous 
ammeter readings during a period of, say, five or ten seconds. 

F I G . 2 . 

On account of conditions at the fault being unfavorable to a 
steady flow of current, trouble may be had in reading indicating 
instruments which are not dead-beat. In such cases integrating 
wattmeters may be resorted to, to obtain a comparison between 
the power supplied to the fault through the two sides of a loop. 
Only in extreme cases, such for example as disturbances caused 
by swinging tie-wires or tree branches, is it necessary to use 
wattmeters. 

Fig. 2 shows an insulator broken by a stone in such manner 
that it withstood operating potential for a few seconds, the 
striking distance being about seven inches. This insulator was 
located easily with ammeters which were not dead-beat. 
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The effect of an arc upon the cable is an important considera
tion. If it is burned so as to require splicing, considerably 
more time is consumed in restoring the line to service than if 
only a broken insulator is to be replaced. This is particularly 
true with long spans, on account of the weight of the cable to be 
handled. Under ordinary operating conditions it is impossible 
to know how much the cable is burned by the short-circuit 
current at breakdown and how much by the testing current. 
Damage to the cable by an arc carrying 100 amperes 
sustained forty seconds has been found to be insignificant 
when the striking distance is several inches. It appears that 
there is some damage if the arc is short and confined, such as 
would obtain in the case of an insulator punctured through the 
head. However, during the short period required to read the 
instruments, the cable does not suffer materially. Where 

4- So, rx, xlf l r 
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Fiff. 3 

shields are used to protect the cable, there is no damage in any 
event. 

Since the current through the faulty conductor varies from 
one half the total current when the fault is at the distant end of 
the line to the total current when the fault is at the testing 
station, while the current through the other conductor varies 
from one-half the total current to zero corresponding to the 
same locations, it is desirable that the full-scale value of one 
ammeter should be twice that of the other. For this reason, 
and on account of their superior accuracy, portable instruments 
are preferable to the switchboard type. 

Referring more particularly to the division of current between 
the two paths, it has been found that this division takes place in 
accordance with Ohm's law, or that the currents Il7 I2 are in
versely proportional to the ohmic resistances r v r2 of the two 
branches, 
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Assuming the resistance volts of the two branches equal, it is 
interesting to note how reactance volts are also equal. The two 
parallel wires constituting the loop, Fig. 3, carry currents in the 
same direction to the fault, and in opposite directions beyond it. 
These currents, 7X, 72, are of the same phase and frequency but 
of different magnitude, I2 being larger than Iv Only that 
magnetic flux included between the wires need be considered 
as influencing a division of current, inasmuch as the flux which 
embraces both wires affects only the total impedance of the entire 
circuit. The flux included between the wires up to the fault is 
the resultant of two oppositely acting magnetomotive forces 
separated in space by the distance between centers of wires. 
The flux density at any point within either wire is proportional to 

the current and to the distance from the center, while at any outside 
point it is proportional to the current but inversely proportional 
to the distance from the center. 

Fig. 4 is a graphical representation of magnetic conditions 
existing at any instant. Area a c f b represents flux due to I2 

and area bgk a that due to Ilt I2 being in this case twice as large as 
(Xyyi I 

Iv At m, a point situated so that = -j2, there is a complete 

cancellation of magnetomotive forces. If the two currents are in 
phase, this point remains one of zero flux, and the resultant 
flux on either side of it caused by the difference between the 
two magnetomotive forces is that influencing the current flow in 
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the corresponding wires. This resultant, represented, by the 
dotted line k umw f obtains through a distance 5 2 , Fig. 3, while 
the flux in the loop beyond the fault, represented by the area 
b g k a, obtains through a distance 5. 

So that, 

h S 2 (o.25 + log£ 4 - 7 ] + T ) ~h S2 log£ )"(

 /-> 

/ , S 2 (0 .25 + log£ - . j ^ I ) 

X2 12 

+ / t S (o. 25 + log, 

where, d = distance between wires 
r = radius of wire 

Assume, 

5 2 + S _ U _I2_ 

S - 5 , ( i ^ L . ) 

(2) 

/ , 5 ^0.25 + log . r - ) = 7 2 S 2 ^0.25 +log. ~j 

-h'S2 (o.25 + log, ^ ) (3) 

Substituting (3) in (1) and expanding, we have, 

or the inductance drop is the same over each path. Since the 
total volts are identical, this result follows directly from equa
tion (2), as does also the assumption that the two currents are 
in phase. 

From a consideration of resistance only, 

2 -7j 2 _ ohms from fault to distant end of line ^ 
72 + 7x ^1+^2 total resistance of one wire 

Either (2) or (4) may be used to compute fault locations, 
The latter is less influenced by observation or instrument errors 
and lends itself more readily to graphic representation. If 
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line-structure numbers of a given circuit, and the ratio 

be used as coordinates, a chart may be constructed, as 

Fig. 5, from which the fault location may be readily taken. This 

chart contains right lines drawn from the point = 1.00 

to the line-structure number at which the loop is closed. 
The use of such a chart makes it possible to test to any point 
along the line at which it may be convenient or desirable to place 
a short circuit, without the inconvenience of computing the 
resistance to that point. Such flexibility and ease of construc
tion is not true of a chart based upon the relation between 
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~ - and the line structure at which the fault occurs, because this 

relation is hyperbolic. 
When testing lines whose conductors are not of uniform 

cross-section throughout, the foregoing method is not applicable 
without modification. Whether large wires be followed by 
small ones, or the reverse, the current flow will not be determined 
by resistance only. If the wires are larger near the testing station 
than farther out, the effect is to locate the fault too far away; 
to locate it too near if small wires be followed by large ones. 
The reason for this is evident from a consideration of the relative 
impedance of the two branches of the loop. The branch having 
the larger ratio of inductance to resistance, of course takes 
relatively less current than that indicated by resistance. A 
comparison of inductances is rendered complex on account of 
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the phase-displacement which takes place between the two 
currents by reason of the disparity between the ratios of in
ductance and resistance. 

The error involved through considering resistance only is, 
however, a linear function of the distance from the distant end 
of the line to the fault, if it be in the region beyond the junction 
of the two sizes of the cable, and likewise, of the distance from 
the testing station if the fault be nearer than the junction point. 
Thus it is possible by making a single test upon a fault placed at 
the junction of the two sizes of wire, to obtain a correction which 
is applicable to the entire line. This correction is readily applied 
to the graphic chart mentioned above. It consists of right 
lines drawn from the experimentally determined value of, 

y - — ~ - to either end of the resistance line. A maximum cor-
^ 2 + * 1 

rection of five miles has been found necessary in the case of a 
line made up of 60 miles 0.75 in. aluminum cable followed by 
70 miles of 0.52 in. cable when testing at 25 cycles per second. 

The following are some of the results so far obtained in locating 
faults by the two-ammeter method: 

Length 
of line h h Computed 

location 
tower number 

Actual 
location 

tower 
number 

Error 

118 miles 1.1 1.125 4472 4479 1000 ft. 
118 " 1.53 1.55 4482 4481 200 " 
36 " 1.56 2.4 512 513 500 " 
23 " 0.4 4.5 151 153 1000 " 
60 " 1.36 3.57 512 513 500 " 
60 " 0.8 2.00 520 519 500 " 
60 " 1.70 2.05 730 731 200 " 

This list includes a variety of insulator failures. Some of 
them were complete grounds, while others withstood high 
voltage. In only one case was there any trouble in obtaining 
satisfactory ammeter readings—this being a loose wire swinging 
in a wind storm. 

The time consumed by an experienced operator in making a 
test under ordinary conditions is about thirty minutes There 
is sometimes a delay on account of the necessity of communicating 
with the distant end of the line. 

The test is subject to the following restrictions: when several 
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faults are on a single wire they must be located in reverse order 
of their insulating values, and must be repaired in the order 
located; when all three wires are in trouble, the one having the 
highest insulation cannot be tested until one of the others is 
repaired; if two complete grounds a considerable distance apart 
occur on a single wire, the localizaton will be in serious error. 

These conditions are for the most part exceptional, although 
entirely possible. None of them has presented itself since this 
method of testing has been in use. 


